Methylocapsa acidiphila gen. nov., sp. nov., a novel methane-oxidizing and dinitrogen-fixing acidophilic bacterium from Sphagnum bog 
INTRODUCTION
Recently, the use of acidic media with a low salt content enabled the enrichment of acidophilic methanotrophic communities from Sphagnum peat bogs of four boreal sites in West Siberia and European North Russia (Dedysh et al., 1998a) . Three of the four enriched communities were obtained on nitrogen- Abbreviations : ICM, intracytoplasmic membrane ; MOB, methane-oxidizing bacterium ; PHB, poly-β-hydroxybutyrate ; pMMO, particulate methane monooxygenase ; sMMO, soluble methane monooxygenase.
The GenBank /EMBL /DDBJ accession number for the 16S rRNA gene sequence of Methylocapsa acidiphila strain B2
T is AJ278726.
sufficient media and three pure cultures of methaneoxidizing bacteria (MOB) were isolated from these enrichments (Dedysh et al., 1998b) . These isolates, strains K T , S6 and M131, were subsequently described as the first representatives of a novel genus of serinepathway methanotrophs within the α-subclass of the Proteobacteria, namely Methylocella palustris (Dedysh et al., 2000) . These moderately acidophilic MOB grow only on media with a low salt content (below 1 g l −" ) and the pH optimum for growth is 5n0-5n5. Cells of Methylocella lack the intracytoplasmic membrane (ICM) structures that are highly characteristic for other methanotrophs, but contain a vesicular membrane system connected to the cytoplasmic membrane. In contrast to all other MOB that form phylogeneti-S. N. Dedysh and others cally coherent clusters within the α-and γ-subclasses of the Proteobacteria, Methylocella is closely affiliated to the heterotrophic bacterium Beijerinckia indica subsp. indica. Methylocella palustris K T was the first and so far the only methanotrophic species for which the presence of genes encoding particulate methane monooxygenase (pMMO) could not be demonstrated based on a PCR assay considered universal for pmoA genes encoding the active-site polypeptide of pMMO. These bacteria possess soluble MMO (sMMO) and the nucleotide sequence of the PCR-amplified fragment of mmoX, which encodes the α-subunit of the sMMO hydroxylase, was identical to the sequence of mmoX clones obtained from all three communities enriched on media supplemented with nitrate (Dedysh et al., 1998a) .
The fourth acidophilic methanotrophic enrichment was obtained on nitrogen-free medium from Bakchar bog in West Siberia. In contrast to enrichments from samples of the other sites, no PCR products were obtained with mmoX-targeted primers and template DNA from this methanotrophic community. We also failed to isolate any MOB from this enrichment using the procedure developed for the isolation of Methylocella palustris K T . In this paper, we report the isolation of a pure culture of an acidophilic methanotrophic bacterium from this enrichment using another isolation strategy. This novel methanotrophic isolate, designated strain B2 T , represents a genotype and phenotype clearly different from Methylocella palustris K T . Here, we describe the cell ultrastructure, physiological properties and metabolic pathways of this methanotrophic bacterium, as well as its biochemical, chemotaxonomic and genotypic features. We propose a novel genus and species, Methylocapsa acidiphila gen. nov., sp. nov., for this strain.
METHODS
Methanotrophic community and culture conditions. The methanotrophic community was enriched from an acidic peat bog (pH 3n6-4n5) underlying a Sphagnum-Carex plant community (Bakchar bog, Plotnikovo field station in West Siberia, 56m N, 82m E) as described previously using nitrogenfree M2 medium at pH 4n0-4n5 (Dedysh et al., 1998a) . This community was grown in 120-ml serum bottles containing 25 ml M2 nitrogen-free medium at pH 4n1. After inoculation, methane was added aseptically through silicone rubber septa to achieve a gas-mixing ratio in the headspace of approximately 25 %. The bottles were then incubated for 1 week at 24 mC and shaken at 200 r.p.m.
Isolation and maintenance of methane-oxidizing strain B2
T .
Cell suspensions of the exponentially growing Bakchar microbial community were serially diluted in tenfold steps in nitrogen-free M2 medium of pH 4n5-5n0 using screw-cap 35-ml serum vials with a headspace\liquid space ratio of 6 : 1. After inoculation, methane was added aseptically to attain a final mixing ratio of approximately 25 %. The inoculated vials were then incubated at 24 mC and 200 r.p.m. The cultures were examined by phase-contrast microscopy and, if morphologically uniform, the cells were transferred to fresh medium and grown again under the same growth conditions. After repeating this process of serial dilution 20 times over 2 years, a methane-oxidizing isolate was purified, designated strain B2 T . Once isolated, this bacterium was maintained in nitrogen-free M2 medium and was subcultured at 2-3 week intervals.
Verification of purity of strain B2
T . Both phase-contrast and electron microscopy were used to examine cultures of strain B2 T for contamination throughout the various stages of growth as well as under different cultivation conditions (pH range of 4 to 6, nitrogen-free and nitrogen-sufficient M2 media). The absence of heterotrophic satellite colonies was confirmed by plating B2 T culture on several media containing different organic substrates. These were standard undiluted and tenfold-diluted Luria-Bertani agar [1n0% (w\v) tryptone, 0n5% (w\v) yeast extract, 1n0% (w\v) NaCl] and M2 agar media [1n5% (w\v) Noble agar] amended with 0n1% (w\v) glucose, fructose or sucrose. Examination of the B2 T culture for the presence of heterotrophic satellites was also performed using liquid M2 media supplemented with the following carbon sources at 0n05 % (w\v) : glucose, fructose, sucrose, galactose, arabinose, ribose, lactate, pyruvate, citrate, acetate, succinate, ethanol and mannitol. To ensure detection of slowly growing heterotrophic satellites, growth was assessed after 4 weeks of incubation at 24 mC and 200 r.p.m.
Morphological observations. Cell morphology and the presence of cysts or exospores were examined by using batch cultures grown to the early-exponential, late-exponential and stationary growth phases. The Gram-stain reaction and lysis in 3 % (w\v) KOH (Gerhardt, 1981) were tested with both 1-and 3-week-old cultures. Lysis by 0n2 and 2 % (w\v) SDS was determined by direct microscopic observation.
Electron microscopy. Preparation of thin sections and electron microscopy were done as described previously (Khmelenina et al., 1997 (Khmelenina et al., , 1999 . For freeze-fractured preparations, exponentially growing cells were collected and frozen in liquid propane cooled to k196 mC with liquid nitrogen. Cells were fractured according to Suzina et al. (1995) in a JEE-4X vacuum evaporator at 3i10 − % Pa and a sample temperature of k100 mC. The fracture faces were shadowed with a platinum\carbon mixture and coated with carbon. Replicas and ultrathin sections were imaged in a JEM-100B transmission electron microscope operating at 60 kV.
Effect of pH on growth of strain B2
T . Cells of strain B2 T , growing exponentially at pH 5n0, were collected by centrifugation, washed twice with fresh nitrogen-free M2 medium and inoculated into 120-ml serum bottles containing 25 ml nitrogen-free M2 medium at pH values ranging from 3n9 to 8n0. To maintain constant ionic strength with varying pH, 0n1 M solutions of H $ PO % , KH # PO % and K # HPO % were used. After inoculation and addition of methane, the samples were incubated for 10 d at 24 mC and 200 r.p.m. Growth, monitored by nephelometry at 410 nm, and pH of the culture were measured over time in triplicate bottles.
Other physiological tests. Growth of strain B2 T was monitored for 2 weeks with methane as the sole growth substrate under a variety of conditions, including temperatures ranging from 4 to 37 mC and NaCl at concentrations of 0n01-1 % (w\v) using liquid cultures. The ability to grow under microaerobic conditions was also determined in growth experiments with 5 % O # (v\v) in the headspace of incubation flasks.
Range of utilizable carbon and nitrogen sources. The following carbon sources at 0n05 % (w\v) were examined to determine the range of potential growth substrates of strain B2 T : formate, formamide, urea, methylamine, dimethylamine, trimethylamine, tetramethylammonium chloride, ethanol, glucose, fructose, sucrose, galactose, arabinose, ribose, lactate, pyruvate, citrate, acetate, succinate and mannitol. The capacity to utilize methanol at concentrations from 0n01 to 1 % (v\v) was determined on M2 medium. Nitrogen sources were also tested using M2 medium with addition of the following compounds at 0n02 % (w\v) : NaNO # , (NH % ) # SO % , -alanine, glycine, -serine, -threonine, -valine, -leucine, -isoleucine, -proline, -cysteine, -methionine, -glutamate, -aspartate, -glutamine, -asparagine, -histidine, -phenylalanine, -tryptophan, -arginine, -lysine, -ornithine, -citrulline and yeast extract. Growth was examined after 2 weeks of incubation and confirmed by comparison with growth on nitrogen-free M2 medium.
Naphthalene assay of sMMO activity. In order to monitor sMMO activity, the naphthalene assay developed by Brusseau et al. (1990) was used as described previously (Lontoh & Semrau, 1998) for all methanotrophic reference strains as well as the novel methanotrophic isolate, strain B2 T .
Acetylene-reduction assay of nitrogen-fixation activity. Nitrogen fixation was assayed on nitrogen-free M2 medium with batch cultures in the mid-exponential growth phase by using the acetylene-reduction procedure of Takeda (1988) . Prior to injection of acetylene, the incubation flasks were divided into two groups. One group of flasks was flushed with sterile air to remove any remaining methane, whereas the other flasks were purged with sterile dinitrogen to remove methane and oxygen, with oxygen subsequently being added by syringe to a 5 % (v\v) mixing ratio in the headspace. Methanol was added to the flasks at a concentration of 0n05 % (v\v). The amount of ethylene produced was measured after 3 h incubation on a rotary shaker (200 r.p.m.) at 24 mC.
Reference bacterial strains. Methylosinus trichosporium
Methylobacter bovis ' 89 and Methylosinus trichosporium 19 were used as reference strains. The last two strains were obtained from the collection of methanotrophic bacteria of the Institute of Biochemistry and Physiology of Microorganisms (Pushchino, Russia). All the methanotrophic strains except Methylocella palustris K T were cultivated on NMS medium with methane as the growth substrate (Whittenbury et al., 1970a) . Methylocella palustris K T was grown on M2 medium supplemented with vitamins (Dedysh et al., 2000) .
Analytical techniques. CH % and C # H % were measured with a GC equipped with a flame-ionization detector. CO # and O # were analysed by GC with a thermoconductivity detector. All measurements were performed using triplicate samples.
DNA isolation and characterization. Genomic DNA from strain B2 T was extracted using the SDS-based assay as described previously (Dedysh et al., 1998a) . The DNA base composition of strain B2 T was determined by thermal denaturation using a Unicam SP1800 spectrophotometer at a heating rate of 0n5 mC min − ". The GjC content was calculated with the equation of Owen et al. (1969) : GjC content (mol %) l 2n08T m k106n4. DNA of Escherichia coli K-12 was used as the standard. DNA-DNA hybridization of strain B2 T and Methylocella palustris K T was done on nitrocellulose membrane filters (Hybond-N, Amersham) according to Lysenko et al. (1988) . Genomic DNA fractions were labelled using deoxy[1h,2h,5h-$H]cytidine 5h-triphosphate and the nick translation kit N 5500 following the manufacturer's instructions (Amersham ; Technical Bulletin, 1980) . Hybridization was performed with five replications in an incubation mixture containing 2iSSC (0n3 M NaCl, 0n03 M trisodium citrate, pH 7n0) and 50 % (v\v) formamide at 49 mC for 24 h.
Comparative sequence analysis of the 16S rRNA gene. PCRmediated amplification of the 16S rRNA gene from positions 28 to 1491 (numbering according to the International Union of Biochemistry nomenclature for Escherichia coli 16S rRNA), sequencing and phylogenetic inference were carried out as described for Methylocella palustris K T (Dedysh et al., 1998b (Dedysh et al., , 2000 .
Whole-cell fatty acid and phospholipid analysis. Fatty acid analyses for both Methylocella palustris K T and strain B2 T were performed by Microbial Insights, Inc. (Rockford, TN, USA). Extractions were performed using one-phase chloroform\methanol\buffer extractant. Lipids were recovered, dissolved in chloroform and fractionated on disposable silicic acid columns into neutral-, glyco-and polar-lipid fractions. The polar lipid fraction was transesterified with mild alkali to recover the phospholipid ester-linked fatty acids (PLFA) as methyl esters in hexane. PLFA were analysed by GC with peak confirmation performed by electron impact mass spectrometry.
Intact phospholipid profiles were prepared as described previously (Fang et al., 2000) . Phospholipids were extracted overnight at 4 mC from liquid cultures using a 2 : 1 : 0n8 mixture of methanol, dichloromethane (DCM) and phosphate buffer. Lipids were then partitioned into organic solvent by adding DCM and water such that the final DCM\methanol\water ratio was 1 : 1 : 0n9. The organic phase was then filtered and the total lipid extract was dried and redissolved in methanol. Intact phospholipid profiles were determined using liquid chromatography\electrospray ionization-mass spectrometry analysis with an HP 1090 liquid chromatography\HP 5989B single quadrupole mass spectrometer with an electrospray interface. The concentrations of phospholipids were calculated based on the chromatographic area response of individual phospholipids relative to that of an internal standard (18 : 1-lyso-phosphatidylglycerol) and reported as µg ml − " liquid culture. The reproducibility of the analysis was better than 87 % (n l 5).
Enzyme assays. Enzymic studies were performed as described for Methylocella palustris K T (Dedysh et al., 2000) .
RESULTS
Isolation and cell morphology of the methaneoxidizing strain B2 T Despite the large spectrum of pH and incubation conditions, all attempts to isolate MOB from the Bakchar community by surface plating were unsuccessful. However, the isolation of the methanotrophic strain B2 T in pure culture was achieved by using multiple repeated serial dilutions in liquid medium. Cells of strain B2 T were Gram-negative, non-motile, curved coccoids, 0n7-1n0 µm in width and 0n8-1n2 µm in S. N. Dedysh and others length (Fig. 1a) , that reproduced by binary fission with cross constriction formation. Cells occurred singly or formed aggregates that were surrounded by an extracellular matrix of polysaccharide (Fig. 1b, c) as revealed by contrasting the acid mucopolysaccharides with ruthenium red (Luft, 1964) .
Characterization of growth
Strain B2 T grew in liquid mineral media only and did not form colonies on solid media made with any purity grade agar or with agarose. Liquid cultures displayed a white turbidity that mostly sedimented and a surface pellicle was not formed. Cellular conglomerates were predominantly formed when cells were grown in acidic conditions on nitrogen-free media.
Cell ultrastructure
A well-developed system of ICM was revealed in thin sections of the cells (Fig. 1b, c ' Methylobacter bovis ' 89 and type II ICM arrangement (peripherally and loosely arranged membranes aligned parallel to cytoplasmic membrane) in Methylosinus trichosporium 19 (Fig. 2) . Intracellular inclusions were observed as low electron-transparent spherical granules of poly-β-hydroxybutyrate (PHB), which was confirmed by freeze-fracture methods (Dunlop & Robards, 1973) . PHB in the granules was stretched during cutting, as seen on the freeze-etched preparations (Fig. 2b) . As seen in thin sections, the cells formed a large amount of extracellular polysaccharide matrix, revealed by contrasting the acid mucopolysaccharides with ruthenium red. Several methanotrophic cells were found embedded in this matrix, implying that cell division occurred inside the matrix. On the periphery of the cellular aggregates, but included in the matrix, were morphologically different cells (Fig. 1c, d ). These cells did not possess complex membrane systems and were surrounded by an additional two-layered envelope or coat. The inner part of the envelope near the outer membrane of these cells contained closely packed fibrillae with high electron density. The more extensive outer coat also consisted of fibrillae but had lower electron density. These cells are apparently the resting stage of the bacterium and are more similar to the cysts of the Azotobacter-like type than to the ' lipid cysts ' formed by representatives of the genus Methylocystis.
Purity criteria
Microscopic checks confirmed the uniform cell morphology of strain B2 T at different stages of culture development and under different growth conditions (pH 4n5, 5n5 and 6n5 as well as growth on nitrogen-free and nitrogen-sufficient media). Electron microscopy examinations also failed to reveal any contamination of isolate B2 T by other bacteria. Finally, no growth was obtained on complex organic media or basal medium M2 supplemented with individual sugars.
Physiological characteristics
Strain B2 T was capable of growth on methane and methanol as the sole carbon and energy sources. Methanol supported growth only when used at concentrations below 0n05 % (v\v). We did not observe growth either on other C " substrates or on the range of multicarbon compounds tested. Growth factors were not required. Strain B2 T utilized ammonium salts, nitrates and yeast extract as nitrogen sources, although it was able to fix atmospheric nitrogen and grew well in nitrogen-free medium. The acetylene reduction activity of strain B2 T in microaerobic conditions ranged from 5n7 to 7n0 nmol C # H % (mg dry biomass) −" h −" , while under aerobic conditions it fell to 0n2-0n3 nmol C # H % (mg dry biomass) −" h −" . sMMO activity, as determined by the production of naphthol from naphthalene, was never observed in strain B2 T . The isolate grew in the pH range 4n2-7n2 with the optimum at pH 5n0-5n5. The temperature range for growth was 10-30 mC with the optimum at approximately 20 mC ; no growth occurred at 37 mC. The generation time was in the range 15-40 h. Similar to Methylocella palustris, strain B2 T grew in media with low salt content (up to 1-1n5 g l −" ), while the optimum salt concentrations were in the range 0n2- 0n5 g l −" . Growth was inhibited completely in the presence of NaCl at concentrations above 0n5% (w\v).
Cellular fatty acid and phospholipid profiles
The cellular fatty acid composition was determined for both strain B2 T and Methylocella palustris K T (Table  1) . These two methanotrophs possessed highly similar PLFA profiles. The major component of their profiles was 18 : 1ω7c fatty acid, which comprised 78 % of the total PLFAs. Interestingly, both organisms lacked 18 : 1ω8c, a common and specific fatty acid for the genera Methylosinus and Methylocystis (Guckert et al., 1991 ; Bowman et al., 1993 higher in B2 T than in Methylocella palustris K T . Another distinctive feature of the strain B2 T PLFA profile was the presence of 17 : 1ω7c and i17 : 0 fatty acids, which are not common for type II methanotrophs.
The intact phospholipid profile analyses showed that strain B2 T and Methylocella palustris K T have significantly different phospholipids. The major phospholipids (63 %) in strain B2 T were phosphatidylglycerols, which were not detected in Methylocella palustris K T . The minor phospholipids in strain B2 T were phosphatidylethanolamines (17 %) and phosphatidylmethylethanolamines (3n5 %). In contrast to strain B2 T , 94% of the total phospholipids in Methylocella palustris K T were represented by phosphatidylmethylethanolamine (Fang et al., 2000) . Jukes & Cantor (1969) and construction of the distance tree by the neighbour-joining method (Saitou & Nei, 1987) ]. Numbers indicate the percentage significance values for interior nodes, as derived from a bootstrap test in which 1000 data resamplings were used. The root was determined by using the 16S rDNA sequence of the γ-proteobacterium Methylococcus capsulatus as the outgroup reference. Bar, 0n05 substitutions per nucleotide sequence position.
Enzymological analysis
The methane-oxidizing activity was mainly located in the ICM, since sMMO was not expressed by strain B2 T . The other enzyme activities involved in the sequential oxidation of CH % to CO # (dehydrogenases of methanol, formaldehyde and formate) were also observed, as shown in Table 2 . Activities of both hydroxypyruvate reductase and serine-glyoxylate aminotransferase were revealed, indicating that strain B2 T assimilates formaldehyde via the serine pathway. Activities of the Calvin cycle enzymes (phosphoribulokinase and ribulose-bisphosphate carboxylase) as well as the key ribulose monophosphate cycle enzyme (hexulose-phosphate synthase) were not found. The presence of α-ketoglutarate dehydrogenase indicated that the complete tricarboxylic acid cycle operates in this bacterium. The glyoxylate shunt enzymes, isocitrate lyase and malate synthase, were not detectable. Relatively high activities were found of the pentose phosphate cycle enzymes glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase. The finding of pyrophosphate-dependent 6-phosphofructokinase and fructose-1,6-bisphosphate aldolase activities suggested carbohydrate metabolism through the reversible glycolytic sequence. However, no activity of pyruvate kinase was detected. Finally, strain B2 T used the glutamate cycle enzymes, glutamine synthetase and glutamate synthase, for ammonium assimilation. In general, the metabolic pattern of this acidophilic strain was the same as in other neutrophilic type II methanotrophs that possess the isocitrate lyasenegative variant of the serine pathway.
Phylogenetic analysis and DNA-DNA reassociation study
Comparative sequence analysis of the 16S rRNA gene showed that strain B2 T is most closely related to the acidophilic methane-oxidizing bacterium Methylocella palustris K T , a member of the α-subclass of the Proteobacteria (Fig. 3) . The overall 16S rDNA sequence similarity between strain B2 T and Methylocella palustris K T is 97n3 %. The next closest related microorganism is the non-methanotrophic bacterium Beijerinckia indica subsp. indica, which exhibits overall 16S rDNA sequence similarity of 96n2 and 96n5 % to strain B2 T and Methylocella palustris K T , respectively.
The DNA GjC content of strain B2 T was 63n1 mol%. The DNA-DNA hybridization value of strain B2 T and Methylocella palustris K T was 7 %, while the homologous DNA fractions showed 100 % hybridization.
DISCUSSION
Given all the characteristic features of B2 T , we believe that this novel acidophilic isolate should be classified as a type II methanotrophic bacterium. It is the second culturable representative of the novel subtype of serine-pathway methanotrophs to which Methylocella palustris K T also belongs. Strain B2 T displayed pheno-S. N. Dedysh and others typic traits very similar to those of Methylocella palustris K T , e.g. pH and temperature ranges for growth, as well as sensitivity to salt stress. These traits are defined by the physico-chemical characteristics of the acidic, oligotrophic habitat from which both methanotrophs were isolated. However, a closer look at many of the other key features showed that these two methanotrophs should be considered two different taxa.
Both the cell morphology and ultrastructure of strain B2 T were profoundly different from those of Methylocella palustris K T . The different cell shape, lack of bipolar cell appearance and formation of cellular conglomerates covered by a polysaccharide matrix made strain B2 T clearly distinguishable from Methylocella palustris K T . Also, the types of resting cells formed by strain B2 T and Methylocella palustris K T were clearly different. Methylocella palustris K T was shown to form exospores, while strain B2 T formed an unusual type of cyst. The ultrastructure of these cysts somewhat resembled the ' lipid cysts ' of Methylocystis parvus (Wittenbury et al., 1970b) . The key difference, however, was the presence of an additional extensive outer coat in the cysts of strain B2 T . The structure of these resting cells was more similar to the Azotobacterlike cysts that are characteristic of type I methanotrophs. However, the structure differed from the Azotobacter-like cysts in the presence of outer cell membranes and the presence of intine (inner wall as a thick homogeneous layer) (Socolofsky & Wyss, 1961) .
The most striking ultrastructural distinction between strain B2 T and Methylocella palustris K T was that strain B2 T , like most of the other known MOB, contained a very well-developed ICM system, while Methylocella palustris K T did not. This ICM system, which was observed in cells of strain B2 T under all growth conditions, appeared as stacks of membrane vesicles packed in parallel on only one side of the cell membrane. This pattern of ICM arrangement is different from the ICM of both type I and type II methanotrophs. To confirm the observations obtained with ultrathin sections, cell structure studies were also performed by the freeze-fracture method, which prevents any mechanical damage to cell structures and provides the most native pictures of ICM arrangements. The freeze-fracture images clearly showed the difference between the ICM arrangement in cells of strain B2 T and those in known types of methanotrophs. The membranes of strain B2 T were also aligned parallel to the cell wall (similar to type II ICM), but they were always located on only one side of the cell membrane and never formed uninterrupted vesicles, while they were also closely packed in stacks like ICM of type I methanotrophs. We suggest this membrane pattern as a type III of ICM arrangement in methanotrophic bacteria.
The two acidophilic methanotrophs, Methylocella palustris and strain B2 T , were obtained using different enrichment and isolation procedures. The Methylocella-specific isolation approach included enrichment on nitrogen-sufficient liquid medium followed by agar surface plating, while strain B2 T was enriched on nitrogen-free medium and isolated by serial dilution, as it did not form colonies on agar media. These two isolation strategies resulted in the selection of two micro-organisms with different growth characteristics. Although Methylocella palustris K T was capable of dinitrogen fixation, growth on nitrogen-free medium was poor and occurred only under microaerobic conditions. In contrast, strain B2 T grew very well on nitrogen-free medium under both aerobic and microaerobic conditions. This could be due to the protective effect of the polysaccharide matrix covering cell conglomerates of strain B2 T .
The metabolic pattern of strain B2 T was more similar to that of Methylocella than to those of Methylocystis and Methylosinus. However, only NADH-specific hydroxypyruvate reductase activity was detected in cell extracts of strain B2 T , while all three strains of Methylocella palustris showed both NADH-and NADPH-specific activities. Enzyme activities related to the pentose phosphate cycle were found in strain B2 T , while such activities were not detected in members of the Methylocystis\Methylosinus group.
Like all members of the Methylosinus\Methylocystis group, the two acidophilic methanotrophs contained 18 : 1 fatty acids as the predominant PLFAs. However, the predominant PLFA in strain B2 T and Methylocella palustris K T was 18 : 1ω7c, while 18 : 1ω8c, characteristic of the Methylocystis\Methylosinus group, was not detected. Previously, 18 : 1ω8c PLFA was considered highly indicative of type II methanotrophs and thus widely used as a signature fatty acid in environmental studies on MOB. Our data show that the applicability of this marker is restricted to members of the genera Methylocystis and Methylosinus and, consequently, should not be considered universal for all type II MOB.
In contrast to all previously known methanotrophs, we also found 17-carbon PLFAs in detectable amounts (up to 1 %) in the acidophilic strains, i.e. i17 : 0 and 17 : 1ω7c in strain B2 T and 17 : 0 and 17 : 1ω8c in Methylocella palustris K T . Interestingly, such 17-carbon PLFAs, as well as large amounts of 18 : 1ω7c, which may both be indicative of this novel type II subgroup of acidophilic methanotrophs, were found to be "%C-labelled in soil samples that showed atmospheric methane uptake after incubation with "%CH % (Holmes et al., 1999 ; . These "%CH % -PLFA fingerprinting studies provide evidence for the presence of active methanotrophs in those soils that act as sinks for atmospheric methane and, by inference, provide some evidence for the wide ecological distribution of acidophilic methanotrophs and their probable contribution to the oxidation of atmospheric methane.
In contrast to the PLFA profiles, which were shown to be very similar for the two acidophilic methanotrophs, (Dedysh et al., 2000) . The profound genotypic distinctness between strain B2 T and Methylocella palustris K T was revealed by only 7 % DNA-DNA hybridization, a value far below 70 %, which has been defined as the threshold for considering two strains as belonging to the same genospecies (Wayne et al., 1987) . According to this criterion, strain B2 T would have to be considered at least a novel species. Moreover, the DNA-DNA hybridization value determined for strain B2 T and Methylocella palustris K T falls into the range of such values observed between members of different genera of type II MOB. Indeed, the values between the type species of the genera Methylosinus and Methylocystis range from 7 to 21 % (Bowman et al., 1993) . Taking into consideration the obvious morphological, ultrastructural, biochemical and genotypic differences between strain B2 T and Methylocella palustris K T , we believe that strain B2 T , although phylogenetically related to Methylocella palustris K T , should be considered a novel genus of serine pathway methanotroph. We propose the generic name Methylocapsa gen. nov., with the type species Methylocapsa acidiphila sp. nov. In this context, an additional, important feature for their differentiation into different genera is that strain B2 T and Methylocella palustris K T , although inhabiting the same habitat (i.e. Sphagnum peat bogs), probably occupy different ecological niches. These acidophilic methanotrophs seem to express different types of MMO, i.e. sMMO by Methylocella palustris K T and pMMO by strain B2 T . The characteristics that differentiate the genus Methylocapsa from the genus Methylocella as well as from other genera of the serinepathway methanotrophs are summarized in Table 3 . Methylocapsa acidiphila (a.ci.dihphi.la. N.L. n. acidum acid from L. adj. acidus sour ; Gr. adj. philus loving ; N.L. fem. adj. acidiphila acid-loving). Description as for the genus plus the following traits. Optimal growth at 20-24 mC and at pH 5n0-5n5. Carbon sources used include methane and methanol. Methanol supports growth only when used at concentrations below 0n05 % (v\v). NaCl inhibits growth at a concentration of 0n5% (w\v). The type strain is strain B2 T (l DSM 13967 T l NCIMB 13765 T ), which was isolated from Sphagnum-Carex peat of Bakchar bog, West Siberia (56m N, 82m E).
